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ABSTRACT 

We report the results of spectroscopic observations, obtained with the GEMINI Multi- 
Object Spectrograph, of 8 planetary nebulae (PNe) in the dwarf spheroidal (dSph) 
galaxy NGC 1 47, a companion of M 31. The physico-chemical properties of the six 
brightest PNe (jCorradi et. al.|[2005f ) were derived using both the empirical ICF method 
and photoionization modelling with cloudy. Different aspects of the evolution of low 
and intermediate mass stars in a low-metallicity environment are analysed using rela- 
tionships between chemical abundances. In addition, certain features of the chemical 
evolution of NGC 147 were examined. In particular, the mean metallicity of PNe, 
0/11=8.06^0 12 (corresponding to [Fe/IIj pNe^-0-97) , is close to the metallicity of the 
old stellar population, [Fe/II] = — 1.0 (i.e. iButler fc M artfncz-Delgado 2Q05,), suggest- 
ing a negligible chemical enrichment during a substantial amount of time. Finally, 
the luminosity-metallicity relationship for the dwarf galaxies of the Local Group is 
discussed. The location in the luminosity-metallicity diagram of dSphs does not ex- 
clude their formation from old dwarf irregular (dirs) galaxies, but it does exclude their 
formation from the present time dIrs, since the differences between their metallicities 
are already present in their older populations. The offset in the luminosity-metallicity 
relationship indicates a faster enrichment of dSphs, and together with the different 
average abundance ratio [O /Fe] demonstrates the different star formation histories for 
these two types of galaxies. 
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1 INTRODUCTION 

The rich variety of galaxies in the Local Group (LG) pro- 
vides an opportunity to study in detail the formation and 
evolution of the most common types of galaxies in the Uni- 
verse. One remarkable open question related to the evolution 
of dwarf galaxies is: are dwarf ellipticals and spheroidals the 
evolved descendants of previous star-forming dwarfs? This 
hypothesis can be teste d through the metall icity-luminosity 
relation for LG dwarfs ()Skillman et ahlFigsgl ). The key prob- 
lem with this relation is that there are large uncertain- 
ties in the [O/Fe] assu med for non star-forming galaxies 
(I Richer fc McCalllEoOsh . A way to address this problem is 
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by deriving the chemical abundances of a significant sam- 
ple of LG dwarf galaxies using emission-line objects, such 
as PNe, which are present from early- to late- type galax- 
ies. In fact PNe and H ll regions have been used t o ad- 
dress this issue by a few group s jRicher fc McCalll Il995l : 
IStasinska. Richer fc McCalllll998l : iMagrini et aLlbOOa ) . Our 
motivation for this paper is to contribute to such a study 
by discussing new spectroscopic data for NGC 147 from the 
GEMINI telescope. 

NGC 147, together with NGC 205 and NGC 185, is one 
of the three brightest dwarf companions of M31. At variance 
with NGC 185, NGC 147 is gas and dust free. The amount 
of H I in NGC 205 and NGC 185 is significantly higher than 
in NGC 147, in which the H I column density is at least 
a factor of 10 lower than in the other two galaxies. The 
dust clouds that are promine nt in NGC 205 an d NGC 185 
are also lacking in NGC 147 (|Young fc Lolll997l ). NGC 147 
and NGC 185 have similar star formation histories and are 
dominated by their old stellar populations, while NGC 205 
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shows severa l peculiarities, including a younger population 
l|Matedll99§ ). 

The stellar metallicity of NGC 147 is relatively well 
known. Based on deep V and I photometry of the central 
regions, iDavidgd l| 19941 ) has shown that NGC 147 is moder- 
ately metal-poor ([Fe/H]=— 1±0.3). Its colour-magnitude di- 
agram indicates the presence of old red giant branch (RGB) 
stars, as well as some stars formed at intermediate epochs, 
like asymptotic gian t branch (AGB) s tars about 5 Gyr old. 
Using RGB colours, iHan et all (|l997l ') give two slightly dif- 
ferent metallicities for the inner (up to 1.5' from the centre) 
and outer (from 1.5 to 4') fields of the galaxy, namely —0.91 
and —1.0, respectively. They point out that there is a weak 
tendency of incre asing metall i city w ith galactocentric radius 
in the outer field. iHan et al.l (|l997l ) also stress the presence 
of an AGB population with an age of several Gyrs, and 
the absence of main sequence stars with My <1, suggesting 
that the star formation in NGC 147 ceased a t least 1 Gyr 
ago. On the other hand, iNowotnv etHI ||2003D used a four- 
colour photometry to analyse the late-type stellar content 
of this galaxy and that of NGC 185, separating AGB stars 
of different chemistry (O- and C-rich, i.e., M- and C-type 
stars). From the mean RGB colour indices, they conclude 
that the metallicity of NGC 147 is [Fe/H] = -l.ll and that 
of NGC 185 is [Fe/H]=-0.89. 

In summary, following the above arguments and the 
work bv iMateol fl998). while NGC 147 and NGC 185 are 
very similar in terms of their stellar content, star formation 
history and absolute luminosity, their metallicity is different. 

In this paper, we present the determination of chemical 
abundances in NCG 147 using PNe. These data allow us to 
address some aspects of the chemical evolution of the galaxy, 
its consequences for the luminosity-metallicity relation of 
the LG dwarfs, as well as the properties of the PNe them- 
selves. In fact, it appears that NGC 147 and NGC 185 also 
have different PNe populations: PNe in NG C 185 are sys- 
tema tically brighter than those in NGC 147 (jCorradi et. al.l 
I2OO5I ). Note that lower limits for the 0/H abundances of 
the PNe in NGC 185 and NGC 205 were determined by 
[Richer fc McCalll (|l99i). 

The paper is organized as follows. The Multi Object 
Spectroscopy (MOS) data and their reduction are discussed 
in Section 2. In Section 3, we present the derivation and 
analysis of the PNe physical parameters and chemical abun- 
dances. These are then discussed in Sect. 4 using different 
relationships, and in Sect. 5 they are compared with the 
stellar metallicity and the age-metallicity relation. Section 6 
is devoted to the luminosity-metallicity relation for dwarf 
spheroidals and irregulars. Finally, our conclusions are pre- 
sented in Section 7. 



2 DATA ACQUISITION AND REDUCTION 

Seven of the nine PN e identified in N GC 1 47 from narrow 
band photometry by ICorradi et. al.l l|2005h were observed 
spectroscopically using the GEMINI Multi-Object Spectro- 
graph North (GMOS-N). 

The pre-imaging needed to build the MOS mask was 
also obtained with GMOS-N on August 14, 2005. Images 
were taken using a narrow-band Ha filter and a broad- 
band continuum filter R, whose central A and AA are 



655/6. 9nm and 657/83nm, respectively. The exposure times 
were 2 x 300s in Ha and 2x60s in R. The seeing was <0.7 arc- 
sec. These images were used to produce a continuum- 
subtracted image to determine the position of the long-slits 
and to create a MOS mask containing seven PNe. In addi- 
tion, a new PN was identified with the CMOS pre-imaging 
and consequently inserted in the spectroscopic observations. 
The identificati on of the origin a l 7 PN e in the MOS mask are 
those given bv lCorradi et. al.l (|2005D in their Table 1, and 
named PNl to PN7. The coordinates of the new PN, called 
PN 10, are: R.A.=00 33 11.87, Hec=+48 28 11.7 (J2000.0). 
Figure [T] shows the image of NGC 147, marking the position 
of the 8 PNe studied in this work. 

The GMOS-N in its spectroscopic mode was used in two 
different nights to obtain the PN spectra. The "red" spec- 
tra were taken on October 31, 2005 with the R400-I-5305 
grating, in two exposures of 1800s each. As for the "blue" 
spectra, data were obtained on December 3, 2005, with the 
B600+G5303 grating, in 2 x 2800s exposures. In both config- 
urations the slits widths were 1 arcsec, and the pixel binning 
was 2x2 (spectral X spatial). The spectral and spatial reso- 
lutions were: 0.3 nm and 0".094 pix~^, respectively, with 
B600 and 0.8 nm and 0."134 pix"^ with R400. The seeing 
during the "blue" and "red" spectroscopic observations was 
<0.5 arcsec and <0.7 arcsec, respectively. 

A CuAr calibration was obtained with the B600-I-G5303 
grating, but the only CuAr exposure taken with R400-f 5305 
was not good enough to be used for wavelength calibration. 
Because of that, we have calibrated all the "red" spectra us- 
ing a list of skylines. This method gives a satisfactory wave- 
length calibration, thanks to the large number of skylines in 
the red part of the spectra. An exposure of the spectroscopic 
standard star G191B2B was taken with each configuration 
around the date of the observation of the spectra, and these 
exposures were applied in the flux calibration of our data. 
Data were reduced using the Gemini CMOS data reduc- 
tion SCRIPT and LONGSLIT tasks, both being part of the 
IRAF package. 

The selected slit length varies from one PN to another 
according to the field crowdedness. Also, different slit dis- 
tances from the bisector of the mask in the North-South di- 
rection correspond to a different wavelength coverage. Typi- 
cally, the "blue" spectra covered a spectral range from 300- 
350 nm to 570-650 nm. In the case of the "red" spectra, they 
covered from 500-620 nm to 920-1050 nm. Note that there is 
some wavelength overlap between the "blue" and "red" spec- 
tra. As an intense emission line was not always found in the 
overlap zone, we used the spectra of PN3 which contains the 
Ha line in both "red" and "blue" spectra to obtain a scale 
factor of 0.8 for all PNe. This scale factor was applied to 
the fluxes measured in the "red" spectra in order to get the 
fluxes reported in Table 1. In fact, from our previous expe- 
rience with multi-object spectroscopy, we have noticed that 
differences of the scale factors are generally small, amount- 
ing to about 5-10%. We have also evaluated which is the 
error that we are adding to the measured fluxes due to the 
uncertainty in the matching. This error amounts to about 
7%, which can be considered a characteristic measure of the 
uncertainty on the scale factors. 

Note that in PN5 only the fluxes of the [O ill] 495.9 nm 
and 500.7 nm lines were measured, so that this PN does 
not appear in the following analysis. Errors in the fluxes 
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Figure 1 ■ Left: The 34' X 34' D igitalized Sky Survey image centred in NGC 147. Plus signs mark the position of the PNe candidates 
studied bv lCorradi et. aT 1 1 |2005|) . Right: The 5.5' x5. 5' GMOS-N continuum-su btracted, Ha-R , imag e of NGC 147, with circles marking 
the position of the 8 PNe contained in the MOS mask. See text and Table 1 of lCorradi et. al.l ((2003) for the RA and DEC of the PNe. 



were calculated taking into account the statistical error in 
the measurement of the fluxes, as well as systematic errors 
of the flux calibrations, background determination, and sky 
subtraction. Table 2 shows the estimated percentage errors 
for a range of line fluxes (relative to H/3=100) in each PN. 
Here, and throughout the paper, quoted uncertainties are 
\-a errors. 



3 DATA ANALYSIS 

3.1 Extinction and Physical Parameters 

The observed line fluxes were corrected for the effec t of the 
inters tellar extinction using the extinction law by iMathij 
l|l99d) with Ry=2>.\. We used as a measurement of the 
extinction, which is defined as the logarithmic difference be- 
tween the observed and de-reddened H/3 fluxes. Since the 
"blue" part of the spectra, which contains also the H(5 and 
H7 lines, is affected by larger uncertainties, the was de- 
termined comparing only the observe d Balmer I(Ha)/I (H/3) 
ratio with its theoretical value, 2.85 (|Osterbrockl| 19891 ). For 
the higher signal to noise spectrum of PN4, whose H/3 line 
was lost in the gap between two CCDs, the I(Ha) /I(H7) was 
used to compute the extinction. The values of and their 1- 
0" errors are shown in the last row of Table 1. C/3 is related to 
E(B-V) through the following relation: c^=0.4 E(B-V), 
where R^=3.7. The average value of the extinction of the 
PNe <C/3>=0.07±0.07 gives E(B-V)=0.05±0.10, which is 
co mparable with the reddening va l ue E( B-V)=0.173 derived 
by ISchlegel. Finkbeiner fc Davis! l|l998 !l toward NGC 147, 
from dust infrared em ission features. P atchiness of dust and 
gas toward NGC 147 (|Sohn et al.ll2006h might be the reason 
of appreciable variations of the reddening throughout the 
galaxy area. 

The extinction-corrected intensities (given in the mid- 



dle column of Table 1) were then used in order to obtain the 
densities and temperatures for each PN. As we can see in Ta- 
ble 1, [S ll]AA671.6,673.1, usually used as an electron density 
estimator, was measured only in PN4, PNG and PNIO (and 
an upper limit is given for PNl). As for the temperature esti- 
mation, we were able to use the I(A495.9-|-A500.7)/I(A436.3) 
ratio, giving Te[0 ill], for aU the PNe but PNIO (also note 
that only an upper limit is given for PNG). In the particu- 
lar case of PN4, two other temperature estimators were also 
used, namely I(AG54.8-HAG58.3)/I(A575.5) for Te[N 11] and 
I(A372.G-hA372.9)/I(A732.0-h 733.0) for Te[0 11]. The derived 
electron densities and temperatures, and their errors, are 
listed in the upper part of Table 3. 

This is the first direct determination of the physical 
parameters of emission line objects in NGC 147, which pre- 
vents us to perform any external comparison. 



3.2 Empirical ICF abundances 

Chemical abundances were derived from the emission-line 
intensities using the Ionization Correction Factors (icf) 
m ethod. The icf were computed following the prescriptions 
bv lKingsburgh fc BarloA^ l|l994h . 

As mentioned above, the [O lll] 43G.3 nm emission line 
was measured with a sufficiently high signal to noise ratio in 
five PNe, namely PNl, 2, 3, 4, and 7. There, T^\Q ill] could 
be directly determined. In one case, PNG, we could estimate 
an upper limit to the [O ill] 43G.3 nm emission line, and 
consequently an upper limit to Te[0 ill]. 

For PN 10, we could not measure this temperature di- 
agnostic emission line, and therefore we could not derive its 
chemical abundances. Finally, as noted before, in the spec- 
trum of PN5, only the [O ill] doublet 495.9,500.7 nm could 
be detected, preventing any further analysis. In PN4, TefO 
III] was used in computing chemical abundances with the 
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ICF method for ions which are ionized twice or more times, 
and Te[N ll] for singly ionized species. 

The ICF method was appUed to the six PNe with an 
electron temperature measurement. Formal errors on the ICF 
abundances were computed taking into account the uncer- 
tainties in the observed fluxes, in th e electron temperatures 
and density, and in the eg , as done in lGoncalves et ahl (|2003l ) 
and iMagrini et al.! (2005). The ionic and total abundances, 
as well as the ionization correction factors, are reported in 
Table 4. 



3.3 CLOUDY photoionization modelling 

PNe were also modelled using th e photoionization code 
CLOUDY 95.06 llFerland et al. 19981). Th e complete proce- 
dure is described in lMagrini et ah 1(12004'). Here we remind 
the most important parameters and assumptions. The input 
parameters for CLOUDY are «) the energy distribution, ii) the 
luminosity of the central star. Hi) the nebular geometry, iv) 
the hydrogen density, N_fr, and v) the chemical abundances. 
At the large distance of NGC 147, PNe are not resolved and 
we assumed the most simple geometry of spherical symme- 
try with constant density. The energy distribution of the 
central star was set to that of a bl ackbody (BB). In fact, as 
described bvlMagrini et al" I (|2004h . the model atmospheres 
bv iRauchI ((200^) give similar results in terms of chemical 
abundance determinations. Dust grains were added to the 
models, since they have an important effect, particularly 
on t he temperature structure of the PNe (see, for instance, 
iGonc alvcs ct al. 2004). This effect depends on the type of 
grain (graphite and/or silicate), the grain abundances, and 
the grain-size distribution, be ing more relevant in the in - 
ner regions of the nebula (see iDopita fc Sutherland! l2000h . 
Dust type and size distribution adopted are those typical of 
Galactic PNe, with ISM gas-ph ase depletion due to grains 
following [^.n Hoof et all (|2004l '). 

The BB temperatu re T<- was de r ived using Am- 
bartsumian's method (|Ambartsumianl Il932l ). i.e. us- 
ing the Hell(A468.6)/Hl(A486.1) line flux ratio, or the 
( fOlllI A495.9-H fOl ll] A500.7) /HellA468.6 line ratio method 
(|Gurzadva nl ll988l '). This is done only for the flrst iteration, 
in the following ones the BB temperature was adjusted as 
to match the Hel/Hell line ratio. 

The luminosity L* of the central star was set to re- 
produce the photometric a bsolute flux of t he [O ill] A500.7 
nebular line, as given in ICorradi et. all (|2005l ). The ex- 
ternal and internal radii of the shell, Ki„ and Rext, were 
varied to match the ratio of lower and higher excitation 
ions, as [O lll]/[0 ll]. Density was derived from the [S ll] 
A671.7/A673.1 intensity ratio, which was measured in PNl, 
PN4, and PN6. For the remaining PNe, it was assumed to 
be equal to 5000 cm~^, which can be co nsidered a typi- 
cal v alue for Galactic PNe (see e.g. IStan ghcUini fc Kalerl 
1 19891 ). In addition, we made some tests varying the density 
by ±1000 cm~^ with both the ICF and CLOUDY methods, ob- 
taining negligible changes in the computed abundances. We 
assu med the a verage non-Type I Galactic PNe abundances 
from iKingsbur gh & B arlow (1994 ) as initial chemical abun- 
dances. The parameters of the best CLOUDY model (for the 
central star T*, L*, and for the nebula Nh, Rin, Reait) are 
shown in the second half of Table 3. 

Subsequently, chemical abundances were varied to 



match the observed and predicted intensities within 5% for 
the lines brighter than H/3 and 10% for the other lines. As 
explained above, we considered dust in our modeling. This 
inclusion came from the necessity of flnding a good agree- 
ment between the empirical and cloudy temperatures. The 
abundances of C, O and Fe (the most important coolants) 
were also slightly modified to reflne the match with the em- 
pirical Te. It is clear from Table 3 that the model Te is 
similar to the empirical one, with the exception of PN4. In 
the latter case, we have three different empirical measure- 
ments of the electron temperature. Our simple model with 
uniform density is not capable of reproducing the empirical 
temperatures, likely because of different conditions in differ- 
ent zones of the nebula. We therefore decided to reproduce 
just the the average of Te[0 ill] and re[N ll]. No other simple 
assumption for the A^e radial profile (e.g. decreasing with ra- 
dius) was able to reproduce satisfactorily the observed line 
intensities. 

The results of the best-fitting cloudy models, in terms 
of chemical abundances (and their errors) are shown in 
Table 5. Note that ICF abundances are in good agree- 
ment with those derived using CLOUDY, whose mean val- 
ues for the different elements, in units of 12 -|- log X/H, 
are: He/H=11.02lg20; 0/R=8mt°ll; N/H=7.70l°-J?; 
Ne/H=6.68l°:^|; S/H=6.35lg j^; and Ar/H=5.13lg;^t ' 



4 CHEMICAL ABUNDANCE PATTERNS 

PNe are formed by stars ranging from 0.8 to 8 Mq, which 
loose their chemically enriched envelopes during the AGB 
evolution. Relationships between chemical abundances of 
He/H, N/O , N/H and 0/H are known to exist in Galac- 
tic PNe (cf iHenrvl[l990l ). Extragalactic PNe are important 
because they allow us to test if these relationships also hold 
in different environments. In particular, PNe belonging to 
dwarf galaxies permit to extend these relations to very low 
metallicities. 

The relation between log N/0 and He/H for the PNe 
of NGC 147 (except PN3, for which only a crude limit 
of N/H could be derived) is shown in Figure [2j where 
our CLOUD Y chemi c al ab undances are compared with the 
models by iMarigol (|200ll ). built for initial metallicities of 
Z=0.008, and new models by Marigo (private communica- 
tion) for Z^O.OOl and Z=0.004. The lower metallicity mod- 
els (Z=0.001 and Z=0.004) predict, for progenitor masses 
below 3M0, an enhancement of 0/H compared to N/H, pro- 
ducing a N/O abundance ratio that decreases with He/H. 
For higher mass progenitors, N/O increases quickly and sig- 
nificantly as the result of hot-bottom burning. In the model 
with Z=0.008, the N/O ratio remains almost constant for 
initial masses below 3Mp) . The m etallicity of NGC 147 is 
Z^O 002 (cf. Davidge 1993: lHan et al. 1997i: iNowotnv et al.1 
|2003| ). Taking into account the errors of the He abundances 
and of the N/O ratio, the NGC 147 PNe are consistent with 
the Z^O.OOl and Z=0.004 tracks. PN4 and PN7 might be 
consistent with a higher metallicity, and consequently a more 
recent formation. 

The correlation between log N/O and 12 -|- log N/H is 
shown in Figure[3]for PNe belonging to several LG galaxies. 
This relation is well defined for PNe with a slope close to 
unity, suggesting that the increase of N/O with N/H is due 
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He/H 12 - log N/H 



Figure 2. The relationship between log N/O and He/H. The 
solid (Z=0.001) and dotted (Z=0.004) lines represent the stellar 
models for the progenitors (Marigo 2004, private communication), 
and the dashed line is the model with Z=0.008 {karigo 20o3). 
Filled circles correspond to NGC 147 PNe with CLOUDY He/H 
and N/O abundances. 



to the increase of N, which is mainly produced by the CN 
cycle, without modifying the oxygen abundance through the 
ON cycle. Theoretical predictions of N/O vs. N/H for dif- 
ferent masses of the progenitor stars and metallicity (Groe- 
newegen & de Jong 1994, for the LMC metallicity; and 
Marigo 2001; for Z=0.001 and Z=0.004) are also shown. 
Note that Type I PNe which experienced hot bottom burn- 
ing conversion of C to N, are located outside the relation. 
The PNe of NGC 147 are in agreement with the general 
behaviour of the LG PNe. Following the classical defini- 
tions of Galactic Type I PNe N/O ^-0.3 and He/H^ll.l 
l|Peimbert fc Torres-PeimbertI 119831) or the more stringent 
one N/O>-0.1 (|Kingsburgh fc Barlowlll994l ). the NGC 147 
sample does not include Type I PNe. However, it has to 
be noted that the original definition of Type I PNe onl y 
holds for the metallicity of the Galaxy (iMagrini et al.|[2004h . 
The absence of Type I PNe would not be surprising if we 
consider that they are typically as sociated to younger pro- 
genitors (jCorradi fc Schwar j Il995l ) while the predominant 
stellar population in this galaxy is very old. 

Figure m shows the log 0/H vs. 12 -f log N/O for a 
sample of LG PNe. There is not a clear correlation between 
these two quantities, as a lready noted in previous works (cf. 
lHenrvlll990l : lRichedl2006l ) . 



5 THE CHEMICAL EVOLUTION OF NGC 147 

The elemental abundances shown in Table 4 and Table 5 
can also be compared with the metallicity measured in stars 
of this galaxy. Given that ICF and CLOUDY abundances are 
in good agreement, we use the CLOUDY 0/H mean value, as 
given in the last row of Table 5, that considers six PNe. 
In principle, 0/H can be converted into [Fe/H] using the 



Figure 3. The relationship between log N/O and 12 + log N/H 
for LG PNe. The dash-d otted line is the model by 
iGroenewegen &: de Jon^ l ll994h for the LMC metallicity and ini- 
tial masses from 0.93 (left) to 8.5 M0(right). The solid line indi- 
cates the model for Z=0.004 and the dashed line that for Z=0.008. 
Both models a re for initial masses from 0.8 (left) to 5 (right) 
jMarigollioOlh . The CLOUDY abundances of NGC147 PNe are 
marked with filled circles. Observed abundances are from: Galaxy 
(crosses, IPerinotto. Morbidelli fc Scatarzill2004h: LMC and SMC 
(filled triangle and squares, respectively. iLeisv fc Dennefeldl 
I2OO6I) : M 31 (stars, Ijacobv fc Ciardulldll999h : M33 (filled pen- 
tagons, iMagrini et al.l 2004h: Sextans A and B (empty tri- 
angle and square s, IMagrini et al.ll2005h : M32 (empty circles, 
iRicher et "al]|l999l) . 



following rel ation: [Fe/H]pNe = [0/H]pNc— 0.37 obtained by 
iMated (|l998l ). This relation is useful for comparing samples 
of galaxies, but less valid considering galaxies individually. 
Even on a s tatistic al SMise, this transformation is uncertain 
(±0.06 dex: lMateo|[l99g ;). Keeping in mind this strong limi- 
tation, the mean 0/H that we obt ained for NGC 147, gives 
[Fe/H]pNe=-0.97 ([O/H,„i„.=8.66: lAsplundll2003l ). in agree- 
ment with metallicities of the RGB popula tion (|Davidgel 
I1994I : iHan et al.l [l997l : iNowotnv etHf l2003h . discussed in 
Sect. 1. Moreover, when we plot [Fe/H]pNe in terms of the 
galactocentric distance (not shown here), the weak gradi- 
ent with metallicities increasing fro m the cent r al to the 
outer zones of the galaxy, argued by iHan et al] |l993) , is 
not confirmed. In summary, this crude agreement between 
PNe metallicities and old-population metallicity would sug- 
gest that NGC 147 did not experience a significant chemical 
enrichment during a long period of time. 

As described in Section 3.3, the modelling with CLOUDY 
allowed us to estimate stellar parameters as the luminosity 
and temperature of the central stars. The model T* and 
are listed in Table 4 and can be located in the logT*- 
logL* diagram. Their location are then compared with the 
available H-burning an d He-burning evolutionary tracks, for 
Z=0.004 and Z=0.001 (|Vassiliadis fc Wood|[l993 ). as shown 
in Figure [5] From the loci of the central stars in the H-R di- 
agram, we can estimate the central star masses, which range 
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Figure 4. log O/H vs. 12 + log N/O. CLOUDY abundances of 
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Richer ct al. 1999) ; Sextans A and B (empty triangle an d squares, 
Maerini et al.ll2005f) ; LeoA (cross, I Van Zee et~ani200d) . 
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ties and temperatures were derived with the CLOUDY photoioniza- 
tion m odels. The evolutionary tracks are bv IVassiliadis &: WoodI 
||1994|) : Z=0.004 continuous lines and Z=0.001 dashed hues. 



parable to the value of S-Oel^ ?^ that we find for NGC 147 
(within the uncertainties). 



from 0.56 to 0.5 9 Mp. Using the initial to fi nal mass relation- 
ship adopted bv lVassiliadis fc WoodI l| 19941 ). we find that the 
masses of the progenitor stars were between 0.9 and 1.0 Mq. 
Stars with these main sequence masses and with an initial 
metallicity of Z= 0.001 w ere born about 10 to 7 Gyr ago 
ICharbonnel et al] 1 19991 ). This is in agreement with what 
is known about the star formation history of NGC 147. As 
described in Sect. 1, the colour-magnitude diagrams suggest 
the presence of old RGB stars and of a small number of 
intermediate-age AGB stars with an age of about 5 Gyr. 

From the study of chemical evolution of dwarf 
spheroidal galaxies, it is known that these galaxies are 
characterized by one or two lo ng bursts of star formation 
l|Lanfranchi &: Matteuccill2003h . The low gas content is the 
result of gas consumption by star formation and gas removal 
by an efficient galactic wind. 

A detailed comparison of the PNe abundances obtained 
in this paper with those for the other two bright dwarf com- 
panions of M31 is not possible. The only ot her available PNe 
study for these galaxies is in fact that of [Richer fc McCalll 
l|l995l) , who have observed only two PNe in NGC 205, one of 
them giving 12 -I- log 0/H=8.21 and the other ^ 8.11. In the 
case of NGC 185 (|Richer fc McCalllll995h . the [O ni]4363 nm 
line was not detected in any o f the PNe, thus the der ived 
abundances are quite uncertain. [Richer fc McCaU (|l995l ) ap- 
plied empirical methods, derived from properties of PNe in 
the Magellanic Clouds and the Milk Way, to correct their 
lower limits of O/H, concluding that their values underesti- 
mate the O/H abundances of these two galaxies by 0.37 dex. 
After this correction, they obtained 12 log O/H=8.60 and 
8.20 for NGC 205 and NGC 185, respectively, which are com- 



6 THE LUMINOSITY-METALLICITY 
RELATIONSHIP OF dirs AND dSphs 

It has been proposed that dwarf spheroidal galaxies are 
formed through the removal of the gas in dwarf irregu- 
lars, either through ram pressure strippi ng, supernova driven 
winds or star formation (|Kormendv fc D iorgovski 1989). In 
this scenario, as described bv [Richer fc McCalli (il995i ). once 
the gas finished and the star formation stopped, the old 
dir-like galaxies fade in luminosity as their stellar popula- 
tion ages. According to this, dSphs are expected to have, 
at a given luminosity, a higher metallicity than dIrs. The 
luminosity-metallicity relationship ha s been deeply studied 
for dir galaxies by several authors Jskillman et al.l [T989I: 
' Richer fc McCalll Il995l : iLarsen et al.l I2001I : IVan Zee et all 
l2006l : lLee et al.ll2006l ). One of the most recent compilation of 
oxygen abunda nce in nearby l o w lum inosity gas rich galax- 
ies, dIrs, is by IVan Zee et al.l l|2006l ). The weighted least- 
squares fit to the luminosity vs. metallicity data for the fifty 
dIr galaxies within 50 Mpc with an oxygen abundance de- 
termination is 



12 + \og{0/H) = 5.67 - 0.151Ms. 



(1) 



While oxygen abundances can be derived relatively easily 
for gas rich galaxies using H 11 regions, it is quite diffi- 
cult to obtain them for non-star forming dSph galaxies. 
On the other hand, for these galaxies the stellar iron abun- 
dances are known. The comparison of dSph metallicity with 
dIr oxygen abundances is thus dependent on the [0/Fe] 
adopted . This ratio depends in turn on the star formation 
history l|Gilmore fc Wvse|[l99ll ). To overcome the problem. 
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[Richer fc McCalll l|l995l ) proposed to use PNe as probes of 
the stellar oxygen abundance in both dirs and dSphs. PNe 
are in fact presen t in al l type s of galaxies and, with few ex- 
ceptions Magrini et alj (|2005l . cf. Sextans A PNe) , they do 
not produce oxygen, and thus they are representative of the 
stellar progenitor oxygen abundance. 

Figure |6] shows the luminosity-metallicity relationship 
obtained using oxygen a bundances of H 1 1 reg ions, the con- 
tinuous line is the fit by I Van Zee et af] l)2006h . The oxygen 
abundances of PNe in dIrs are marked with stars and those 
of PNe in dSphs with filled circles. The average oxygen abun- 
dance of PNe in NGC 147 is marked with a filled square. 
Note that the dir PNe abundances are in good agreement 
with the luminosity-metallicity relation from H ll regions, 
with the exception of the onl y PN of Sextan s A, w here oxy- 
gen dredge-up occurred (see iMagrini et al. I I2OO5I ). On the 
other hand, the oxygen abundances of dSph PNe exceed 
those predicted by eq. 1: at a given luminosity, dSphs have 
a higher metallicity than dIrs. 

The similarity of the oxygen abundance found in PNe 
belonging to dIr galaxies to that found in the ISM (H 11 
regions) suggests that the observed PNe in dIrs, which are 
also the brightest, are the products of rather recent star for- 
mation. At variance, the mean abundance in the PN pop- 
ulation of dSph galaxies, where star formation ceased long 
ago, should be closer to the mean abundance of the stellar 
populations in that galaxy. Considering, thus, the difference 
of the age of the PN populations in dIrs and dSphs, the 
true difference between the oxygen abundances referred to 
the same epoch in dwarf irregulars and spheroidals might 
be larger than what Figure 6 indicates. The offset in the 
luminosity-metallicity diagram does not rule out the pos- 
sibility that dSph galaxies come from primordial dirs-like 
progenitors that consume d all their gas content and then 
faded in luminosity (cf. 'Ric her fc M cCalll I lOgsl ). On the 
other hand, the metallicity offset is against the hypothesis 
that dwarf spheroidals form from pr esent-time dwarf irreg- 
ulars. As discussed bv iGrebel l|2005h . dwarf irregulars and 
dwarf spheroidals may have been very similar initially, but 
the early evolution of the two types differed greatly, with 
dwarf spheroidals forming more stars and enriching them- 
selves more, as observed from their stellar population -which 
is more metal rich than those of dIrs. 

If we also consider the [ O/Fe] ratio, as discussed exten- 
sively by [Richer fc McCalll l| 19951 ). large differences of this 
ratio in dIrs and dSphs are found (see their Table 6). [O/Fe] 
is larger in dSphs than in dIrs, refiecting the higher gas con- 
sumption rate of the dSphs and therefore a substantially dif- 
ferent star formation history. The [O/Fe]=0 44 of NGC 147, 
computed adopting [Fe/H]=-1 by Davidgc (1994') and solar 
abundances of iron and oxygen bv .Asplund ( 2003i ). point in 
this direction. 

In conclusion, the offset in the luminosity-metallicity 
relationship indicates a faster enrichment of dSphs, and to- 
gether with the different average abundance ratios [O/Fe] 
highlights different star formation histories for these two 
classes of galaxies. 
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Figure 6. Luminosity-metallicity for dwarf galaxies in the 
LG. dSphs are marked with filled circles, dIrs with stars, 
NGC 147 average abundance with a filled square. Abun- 
dances determinations: N GC 147 (this work), L MC and SMC 
llLeisv fc Dennefeldl I2OO6I) . Sextans A and B (Magrini et ajj 
l2005t ). NGC 205, NGC 185, F ornax llRicher fc McCall 19m 
Sagit tarius llZiilstra et al.ll20od). Leo A l lVan Zee et al.l 12009) . 
M32 llStasinska. Richer fc McCal]||l998l) . NGC 6822, NGC 3109 
ijLeisv er^LTTin^repT v The almost diagonal line marks the 
luminosity-metallicit y relation obtained from H II regions 
l|Van Zee et al.ll200d) . 



7 CONCLUSIONS 

Using the ICF method as well as CLOUDY photoionization 
modelling, we have analyzed new GEMINI MOS data for 
the PNe of NGC 147, one of the most remarkable dwarf 
spheroidal companions of Andromeda. The physical param- 
eters and the elemental abundances of He, O, N, Ne, Ar 
and S, for the s ix bri ghtest PNe identified in this galaxy by 
ICorradi et. aD (|2005l ) have been determined. 

We find that, adopting the definition in the Galaxy, 
there are no Type I PNe in the NGC 147, an expected re- 
sult, since Type I PNe are typically associated to younger 
and massive progenitors, while the predominant stellar pop- 
ulation in this galaxy is old. 

From the literature, the comparison of the near-IR pho- 
tometry of the AGB stars in the three brightest M31 dwarf 
companions shows that ages of 1 and 0.1 Gyr are pre- 
dicted for the most recent star formation in NGC 185 and 
NGC 205, respectively, while the last event tha t formed 
stars in NGC 147 oc curred some 1 to 3 Gyr ago ijPavidgel 
I2OO5I : iHan et al.l[l997l ) . In terms of the stellar metallicity, the 
three galaxies have similar median photometric abundances: 
[Fe/H]=-l.ll±0.08 ( NGC 185); -1.06±0.04 (NGC 205) ; and 
-1±0.03 (NGC 147) (jButler fc Martmez-Delgadoll2005l ). 

Our determination of the oxygen abundance for the 
PNe of NGC 147, is comparable (within the uncertain- 
ties) to those of NGC 185 and NGC 205. The O/H abun- 
dance converts to [Fe/H]pNo=-0.97, which is similar to the 
stellar metallicity of NGC 147. This similarity between 
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intermediate-age PNe population and the old stellar pop- 
ulation of the galaxy implies that no significant chemical 
enrichment has occurred during a long period of time. 

Finally, the luminosity-metallicity for the dwarf galax- 
ies of the Local Group is analyzed. Wc conclude that the 
location in the luminosity-metallicity diagram of dSphs ex- 
clude their formation from present-time dirs, and together 
with the abundance ratio [0/Fe] points to different star for- 
mation histories for these two classes of galaxies. 
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Table 1. Observed emission- line fluxes, de- reddened intensities and cloudy modeled intensities 



Ion 


F 


PNl 
I 


*CLOUDY 


F 


PN2 
I 


*CLOUDY 


F 


PN3 

I 


^CLOUDY 


F 


PN4 
I 


^CLOUDY 


372.7 [O ll] 


<5.3 


<5.3 


15.0 


<8.3 


<8.5 


30. 








27.5 


30.1 


30.1 


383.5 H9 




















4.5 


4.9 


7.3 


386.8 [Nc III] 


" 


" 




30.4 


30.6 


30.2 


8.6 


8.6 


8.4 


9.7 


10.5 


10.5 


388.9 Hel, H8 














73.6 


73.6 




8.5 


9.2 


10.5 


396.7 [Ne III] ,H7 








58.2 


59.5 




62.9 


62.9 




17.8 


19.2 


16.0 


410.1 H(5 




















23.6 


25.1 


26.0 


434. t) 11"/ 


36.9 


37.1 


47.1 


41.5 


42.0 


47.2 


33.8 


33.8 


46.6 


44.1 


46.0 


47.0 


436.3 [O III] 


11.5 


11.6 


9.5 


17.4 


17.6 


16.0 


16.0 


16.0 


15.5 


1.5 


1.6 


3.7 


447.1 Hel 




















4.0 


4.1 


7.9 


468.6 Hell 


<10 


<11 


16.6 


3.5 


3.5 


4.9 


14.1 


14. 1 


13.4 


1.7 


1.7 


1.8 


486.1 rip 


100. 


100. 


100. 


100. 


100 


100 


100. 


100 


100 


100. 


100. 


100. 


495.9 [() III] 


244.4 


244.1 


235.1 


308.3 


307.6 


291.0 


255.4 


255.4 


242.1 


120.4 


119.5 


121.4 


500.7 [O III] 


710.7 


709.6 


707.7 


865.6 


862.6 


875.4 


712.2 


712.2 


729.0 


364. 


359.8 


365.3 


575.5 [N ll] 




















1.6 


1.5 


0.8 


587.6 Hel 


14.5 


14.4 


14.0 


13.0 


12.7 


12.4 


6.4 


6.4 


6.7 


22.9 


21.4 


21.2 


654.8 (N II] 




















17.4 


15.8 


15.1 


656.3 Ha 


288.9 


285.0 


278.6 


293.6 


285.0 


274.0 


260. 


260. 


258. 


315. 


285. 


281. 


658.4 [N II] 


<6 


<6 


6.0 


17.1 


16.6 


16.2 


<1 


<1 


1.1 


49.6 


44.8 


44.5 


667.8 Hel 




















2.5 


2.2 


6.0 


671.7 [S II] 


<1.3 


<1.2 


1.2 














1.4 


1.3 


1.3 


673.1 [S II] 


<2 


<2 


2.0 














2.1 


1.9 


2.0 


706.5 Hcl 




















1.8 


1.6 


1.6 


713.5 [Ar III] 








1.3 


1.2 


1.3 


1. 


1. 


1.1 


1.6 


1.4 


1.5 


728.1 Hcl 




















0.5 


0.5 


0.6 


732.0 [O II] 




















2.4 


2.1 


1.2* 


733.0 [O II] 




















1.4 


1.2 


1.2* 


906.9 IS III] 








0.57 


0.54 


0.61 














953.2 js III] 














<2 


<2 


0.3 








=/3 


0.02±0.003 






0.04±0.01 






0.0±0.02 






0.14±0.02 







PN6 PN7 PNIO 



Ion F I ICLOUDY F I ICLOUDY ^ I ICLOUDY 



372.7 JO II] 


<35 


<35 


74.0 


<6 


<6 


17.0 


<65 


<73 


396.7 JNe lll],H7 








21.6 


22.7 


16.0 






410.1 HS 








14.2 


14.8 


26.1 






434.0 H7 








34.3 


36.3 


47.0 






436.3 [O III] 


<12 


<12 


7.0 


6.8 


7.0 


7.7 






447.1 Hel 


















468.6 Hell 


5.8 


5.8 


6.3 


4.0 


4.1 


4.8 






486.1 H/3 


100. 


100. 


100. 


100. 


100. 


100. 


100. 


100 


495.9 [O III] 


186.9 


186.9 


216.2 


267.8 


266.6 


253. 


200.4 


198.7 


500.7 (O III] 


669.6 


659.5 


660.1 


788.3 


782.0 


761.5 


627.8 


619.7 


575.5 [N 11] 


















587.6 Hel 


6.8 


5.8 


6.8 


20.9 


20.0 


19.7 






654.8 [N 11] 


41.1 


41.1 


36.3 








24.2 


21.7 


656.3 Ha 


284.2 


284.2 


280.0 


304.9 


285. 


281.0 


318.6 


285. 


658.4 [N 11] 


109.1 


109.1 


107.2 


1.4 


1.3 


1.3 


76.9 


68.7 


667.8 Hel 








2.6 


2.3 


5.6 






671.7 [S 11] 


6.0 


6.0 


5.9 








22.7 


20.2 


673.1 [S 11] 


10.1 


10.1 


10.1 








17.2 


16.3 


706.5 Hel 








1.3 


1.2 


1.2 






713.5 JAr III] 


4.6 


4.6 


4.6 


1. 


0.9 


0.9 


1.6 


1. 


=(3 


0.0±0.02 






0.1±0.04 






0.16±0.05 





This paper has been typeset from a MJiX file prepared 
by the author. 



10 Gongalves et al. 



Table 2. Pcrcoiitago 
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Table 3. Physical parameters and cloudy input parameters 



Parameter PNl PN2 PN3 PN4 

Empirical CLOUDY Empirical CLOUDY Empirical CLOUDY Empirical CLOUDY 



Te[0 in](K) 


13800±2600 


13300 


15200±4000 15100 


15900±2700 16300 
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12000 


Te[N II] (K) 
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iVff(cm-3) 




5800 




5000 




T*(K) 




84000 




71000 




log(U/L e) 




1.8 




3.275 




logRin (cm) 




12. 




12. 




logRea!t(cm) 




16.6 




17.3 
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Table 4. icf: ionic and total chemical abundances, and ionization correction factors 





PNl 


PN2 


PN3 


PN4 


PN6 


PN7 




8.6±1.0 


7.5±1.0 


3.8ib0.8 


14.9±2.0 


3 4-|_]^ 


14.0±2. 


He++/H+xl02 


<0.88 


O.SitO.l 


1.2±0.5 


0.2±0.1 


0.5±0.2 


0.4±0.2 


Hp /H V 1 


<9.44 


7.8ihl.l 


5. Oil. 3 


15.1±2.1 


3.9itl.2 


14.4ili2.2 


12 +log(He/H) 


<10.97 


10.9±0.10 


10.70±0.11 


11.18±0.06 


10.59±0.14 


11.16±0.07 


CLOUDY 


<11.1 


11.03±0.23 


10.83±0.17 


11.22±0.14 


10.76±0.22 


11.27±0.15 


n+ /H+ V 1 


<2.9 


<4.4 




57.it25. 


<13.7 


<5.0 


0++ /H+ X 10^ 


9.2±5.4 


9.5±4.7 


7.3±3.3 


8.5±3.6 


8.3±4.3 


20.7±10. 


ICF(O) 


1.067 


1.028 


1.21 


1.01 


1.15 


1.03 


O/Hxl08 


9.8±6. 


9.8±4.9 


8.8±4.0 


9.1±3.9 


11.1±5. 


21.3±10. 


12 +log(0/H) 


8.0±0.31 


8.0±0.24 


7.94±0.21 


7.95±0.3 


8.04±0.21 


8.32±0.22 


CLOUDY 


8.12±0.13 


8.00±0.16 


8.10±0.12 


7.98±0.14 


8.28±0.14 


8.16±0.12 


N+/H+xlO^ 


<2.3 


6.6±3.7 


0.4±0.4 


52. ±13. 


150.±50. 


2.3±2. 


ICF(N) 


<342 


<222 




15.9 


<8. 


<91. 


N/Hxl05 


<7.8 


<14.7 


- 


8.2±5. 


<12.2 


<2.1 


12 +log(N/H) 


<7.89 


<8.16 


- 


7.91±0.3 


<8.09 


<7.3 


CLOUDY 


<7.4 


7.59±0.25 


<5.7 


7.80±0.16 


7.95±0.20 


7.2±0.23 


Ne++ /H+xin^ 




6.1±3.0 


1.9±1.0 


6.4±2.9 






ICF(Ne) 




1.07 


1.21 


1.08 






Np/Hxin^ 




7 4-1-3 


2.3±1.9 


6.9±5.3 






12 +log(Ne/H) 


- 


6.87±0.20 


6.36±0.51 


6.83±0.30 


- 


- 


CLOUDY 


- 


6.91±0.21 


6.37±0.17 


6.76±0.16 


- 


- 


s+ /H+xin* 


<2.8 




3.2±0.1 


4.4±1.7 


16. 6± 2. 




S++/H+xlO'^ 












0.3±0.2 


ICF(S) 


4.85 






1.44 


2.49 


9.5 


b/rlX lU 


<24. 






6.3it2.3 


44. is. 


11.7it3. 


12 +log(S/H) 


<6.38 






5.80±0.14 


6.64±0.10 


6.06±0.11 


CLOUDY 


<6.56 


<4.86 


<4.28 


5.79±0.22 


6.54±0.26 


<5.98 


Ar++/H+xlO'' 




0.3±0.2 


0.3±0.2 


1.0±0.3 


1.2± 1.3 


0.7± 0.4 


ICF(Ar) 




1.9 


1.9 


1.08 


1.87 


1.03 


Ar/HxlO'' 




0.6±0.5 


0.6it0.5 


1.05±0.6 


2.3±2.6 


0.7± 0.4 


12 +log(Ar/H) 




4.78±0.50 


4.78±0.50 


5.02±0.27 


5.36±0.32 


4.84±0.28 


CLOUDY 




4.86±0.27 


4.86±0.23 


5.07±0.21 


5.51±0.26 


4.96±0.23 
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Table 5. cloudy: total abundances. The abundances are given as 12+ log X/H. 





He/H 


O/H 


N/H 


Ne/H 


S/H 


Ar/H 


PNl 


<11.1 


8.12± 0.13 


<7.4 




<6.56 




PN2 


11.03± 0.23 


8.05± 0.16 


7.59± 0.25 


6.91± 0.21 


<4.86 


4.86± 0.27 


PN3 


10.83± 0.17 


S.lOit 0.12 


<5.7 


6.37± 0.17 


<4.28 


4.86± 0.23 


PN4 


11.22± 0.14 


7.98± 0.14 


7.80± 0.16 


6.76± 0.16 


5.79± 0.22 


5.07± 0.21 


PN6 


10.76± 0.22 


8.28± 0.14 


7.95 ± 0.20 




6.54± 0.26 


5.51± 0.26 


PN7 


11.21± 0.1.5 


8.16± 0.12 


7.20 ± 0.23 




<5.98 


5.01± 0.23 



mean 11.021°;^° Smt^^l 7.70l°i? GMSt^sl ^-^^tVel ^-^^^Ut 



